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At finite temperatures and magnetic fields, type-II superconductors in the mixed state have a
non-zero resistance that is overwhelmingly associated with vortex motion. In this work we study
amorphous indium oxide films, which are thicker than the superconducting coherence length, and
show that near Bc2 their resistance in the presence of perpendicular and in-plane magnetic fields
becomes almost isotropic. Up to a linear rescaling of the magnetic fields both the equilibrium
resistance as well as the non-equilibrium current-voltage characteristics are insensitive to magnetic
field orientation suggesting that, for our superconductors, there is no fundamental difference in
transport between perpendicular and in-plane magnetic fields. Additionally we show that this
near-isotropic behavior extends to the insulating phase of amorphous indium oxide films of larger
disorder strength that undergo a magnetic field driven superconductor-insulator transition. This
near-isotropic behavior raises questions regarding the role of vortices in transport and the origin of
resistance in thin-film superconductors.
A. Introduction
Driving a transport current (I) through a thin film
type-II superconductor in the mixed state results in finite
dissipation and therefore finite resistance (R). This finite
R is overwhelmingly associated with vortex motion [1–8]
where dissipation increases with vortex velocity which,
in turn, is governed by an interplay between the Lorentz
force, the vortex pinning force and a viscous damping of
vortex motion [2, 8].
In thin films the large discrepancy between thickness
(t) and other sample dimensions (which we denote as
L, typically L/t ≈ 103 − 106) leads to an anisotropic
response to perpendicular and parallel magnetic fields
(B⊥ and B||) even in an intrinsically isotropic material.
This anisotropic response can be understood by compar-
ing the lengthscales of the problem that affect the vortex
pinning force. If t is smaller than the coherence length,
ξ, which is the radius of a vortex (normal) core, vortices
can penetrate the sample under the application of B⊥ but
not B|| resulting in a pronounced anisotropy (some ex-
amples are high-Tc superconductors [9], twisted bi-layer
graphene [10] and other thin-films [11]).
In films of intermediate thicknesses, where Lº t & ξ,
vortices can penetrate both under B⊥ and B|| [12] but
their contribution to R is expected to be significantly
different. This is because the vortex pinning force is pro-
portional to the vortex length (assuming vortices have
a finite elasticity [6, 8]) which are t and L in B⊥ and
B|| respectively. In addition, the characteristic distance
over which vortices logarithmically interact (setting the
size of vortex bundles that are collectively pinned [8]) is
the penetration depth which in B⊥ is rescaled from its
bulk value λ to λ⊥ = λ2/t [1]. As λ º t in our type-II
superconductor, λ⊥ º λ.
Recently, we studied the critical current (Ic) in a:InO
films at low T ’s and high B’s near Bc2 [13] and showed
that Ic is consistent with a thermal bi-stability. To study
the contribution of vortex motion to Ic we measured
I−V ’s in B|| for two different angles between the source-
drain current and B|| (ϕ): ϕ = 45◦ and ϕ = 0◦. Although
the Lorentz force acting on vortices is ∝ sinϕ, the mea-
sured I − V ’s are independent of ϕ. This result suggests
that Ic is not a result of vortex de-pinning.
The anisotropy in a:InO films has been previously stud-
ied for samples of various disorder strengths by adjust-
ing the angle between B and the sample plane (θ) [14–
17]. Experimental studies [16, 17] showed that at low
B’s there is a pronounced anisotropy on both sides of
the disorder driven superconductor-insulator transition
(SIT), where in samples that are superconducting (at
B = 0) R initially scales with the orbital component of B
(B⊥ = B sin θ) but at higher B’s the anisotropy decreases
and R becomes isotropic. This was demonstrated for all
samples regardless of whether they were superconducting
or insulating at B = 0. This behavior was explained in
Ref. [18] using a percolation model which assumes that
the sample is composed of superconducting islands. The
anisotropic behavior is due to orbital effects that reduce
the coherent coupling between superconducting islands
and the isotropic behavior at high B’s is a result of a
Zeeman field that causes the collapse of superconducting
islands.
The goal of this work we are reporting here is to char-
acterize the anisotropy in the resistance response of su-
perconducting films of various thicknesses. We will show
that: 1. Our superconductors are anisotropic at low B’s
and turn isotropic near Bc2 (as reported previously [16])
2. We identified matching pairs of B⊥ and B|| where both
equilibrium R and the corresponding non-equilibrium
V −I’s are identical, within experimental error. 3. Using
a simple linear relation we can map all transport prop-
erties between B|| and B⊥ and 4. We demonstrate that
a similar linear mapping between B⊥ and B|| applies to
both equilibrium and non-equilibrium transport proper-
ties also in the B-driven insulating phase of a:InO films
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2FIG. 1: Equilibrium ρ(T ) - B⊥ and B||. Main
frame: ρ vs. T for the 280nm thick film at B⊥ = 11T
(purple) and B|| = 12T (red). inset: ρ vs. T of the
100nm thick film at B⊥ = 10.5T (black crosses) and
B|| = 11.5T (red dashed line) and for the 26nm thick
film at B⊥ = 9.5T (purple crosses) and B|| = 11.25T
(red continuous line).
of higher disorder at B’s below the magneto-resistance
peak.
B. Experimental
The data of superconducting samples presented in this
study were obtained from five a:InO films of various
thicknesses t=22, 26, 57, 100 and 280 nm. Each sam-
ple was thermally annealed post deposition to a room-T
ρ of 4 ±0.2 mΩ·cm, which places them in the relatively
low-disorder range of a:InO. All measurements were per-
formed using an Oxford instruments Kelvinox dilution
refrigerator with a base T of 10mK, equipped with a z-
axis magnet. In order to control the angle between B and
the sample plane the samples were mounted on a probe
with a rotating head. While measuring in the supercon-
ducting phase, all measurement lines where filtered using
room-T RC filters with a cutoff frequency of 200 KHz.
To facilitate a meaningful comparison among our films
of various thickness, we consider our results in terms of
intensive parameters: current density (J = I/wt), elec-
tric field (E = V/l), resistivity (ρ = Rwt/l) and differen-
tial resistivity (dE/dJ) where l and w are the sample’s
length and width and V is the voltage.
I. RESULTS AND ANALYSIS
We begin by showing that we can identify pairs of B’s,
B⊥-B||, for which the transport characteristics are vir-
tually indistinguishable. In Fig. 1 we plot ρ vs. T of
FIG. 2: Non-equilibrium dE
dJ
vs. J - B⊥ and B||.
Main frame: dEdJ vs. J of the 280nm thick film at
B⊥ = 11T (purple crosses) and B|| = 12T (red circles).
inset:dEdJ vs. J of the 100nm thick film at B⊥ = 10.5T
(black crosses) and B|| = 11.5T (red circles) and for the
26nm thick film at B⊥ = 9.5T (purple crosses) and
B|| = 11.25T (red circles).
the 280nm thick film at B|| = 12T (red) and B⊥ = 11T
(purple). In this pair of B’s we find that the ρ(T ) curves
are identical, within error, for both B orientations. We
refer to such pairs of B⊥ and B||, having the same ρ(T ),
as matching-B’s. We could find such matching-B’s vir-
tually for our entire measurement range. In the inset of
Fig. 1 we plot similarly matching-B’s obtained from the
100nm and 26nm films.
Next we show that the correspondence within match-
ing B’s extends beyond Ohmic transport and equally ap-
plies to the critical current of superconductivity, and be-
yond. In Fig. 2 we plot dEdJ vs. J of the 280nm thick film
at B⊥ = 11T (purple) and B|| = 12T (red), the same
matching-B’s as in Fig. 1. In the inset of Fig. 2 we plot
dE
dJ vs. J for 26nm and 100nm thick films at the same
matching B’s as those in the inset of Fig. 1.
The data presented in Figs. 1 and 2 portray the main
point of this work: there is no fundamental difference in
the transport properties of our superconductors between
B|| and B⊥ and our samples, despite being thin-films,
are in effect isotropic (as evident by the closeness of the
|B| values in matching-B’s. The minor B differences in
matching-B’s are discussed below). This holds for equi-
librium (Fig. 1) as well as non-equilibrium (Fig. 2) trans-
port.
This near-isotropic transport at high B’s deserves fur-
ther consideration. In type-II superconductors the fi-
nite ρ measured below the superconducting critical T
is typically associated with vortex motion. In our sam-
ples ξ (≈ 5nm [19]) is smaller than the thickness there-
fore vortices can penetrate through the sample plane.
3FIG. 3: Linear mapping between B⊥ and B||. (a)
ρ(B⊥) (crosses) and ρ(B||) (circles) at T = 0.1K
(purple), 0.4K (light blue) and 1K (red). (b) Continuous
mapping between ρ at B|| and B⊥. Each point on the
B|| −B⊥ plane satisfies ρ(B||, T ) = ρ(B⊥, T ). The
color-coding marks different T ’s and the dashed black
line is a linear fit. (c) Measured ρ(B||) (colors)
overlapped with rescaled ρ(B˜||) (black). (d) J⊥c vs. B⊥
(black crosses connected by a red line) and J ||c vs. B||
(circles connected by a red line) of the 280nm thick
film. Gray crosses connected by a dashed gray line are
J⊥c displayed vs. a rescaled abscissa B˜|| according to
the linear mapping of (b) and Eq. 1.
As the vortex pinning-energy scales with its length [8],
which changes by 3-4 orders of magnitude between the
B-orientations, one would expect ρ to display a signifi-
cant anisotropy. The measured (near-)isotropic behavior
suggests that the origin of the finite ρ measured at low
T ’s is not likely due to vortex motion.
To gain further insight into this B-orientation depen-
dence, we inspect the shift in B among the matching
B’s. In Fig. 3a we plot ρ vs. B|| and B⊥ of the
280nm thick sample at various T ’s. To identify the
law for matching B’s we perform a continuous map-
ping between B|| and B⊥ by finding B-pairs that sat-
isfy ρ(B||, T ) = ρ(B⊥, T ). For example, the horizontal
light-blue line in Fig. 3a corresponds to ρ = 1.9 mΩ·cm
and the vertical light blue arrows mark its intersect with
ρ(B, T = 0.4K) in both B-orientations. In this example
ρ(B|| = 12T, T = 0.4K) = ρ(B⊥ = 11T, T = 0.4K). In
Fig. 3b we plot the result of this continuous mapping on
a B||−B⊥ plane, the B|| = 12T, B⊥ = 11T matching-B’s
from the example above is marked by a light blue circle.
The continuous lines are obtained by continuously vary-
ing ρ and satisfying the condition ρ(B||, T ) = ρ(B⊥, T )
and the colors correspond to performing the mapping at
different T ’s. The dashed black line marks the follow-
ing linear mapping between equilibrium transport at the
different B orientations
B˜|| = B0 + aB⊥ (1)
where for the 280nm thick sample B0 = 2T and a =
0.91 and B˜|| (B˜⊥) stands for a measurement at B⊥ (B||)
rescaled according to Eq. 1.
The quality of this linear mapping between both B-
orientations is demonstrated in Fig. 3c where circles con-
nected by colored lines mark ρ(B||) (colors mark different
isotherms) and the dashed black lines mark ρ(B˜||) at the
corresponding T ’s, i.e. the result of applying the map-
ping of Eq. 1 on ρ(B⊥) measured data.
To test whether the mapping described in Eq. 1 and
extracted from Ohmic measurements also applies to non-
equilibrium transport we study whether this mapping can
account for the anisotropy in critical current density (Jc)
[20]. In Fig. 3d we plot Jc measured at B⊥ (J⊥c , black
crosses connected by a red line) and Jc measured at B||
(J ||c , circles connected by a red line) vs. the magnitude of
B. Gray crosses connected via a dashed gray line mark
J⊥c (B˜||), namely Jc measured in B⊥ where the abscissa
was rescaled according to Eq. 1. The collapse of J⊥c (B˜||)
and J ||c (B||) suggests that the linear mapping also holds
for non-equilibrium transport. This result is consistent
with the conclusions of Ref. [13] where we showed that
the critical currents are determined entirely by the Ohmic
R(T ).
We repeated the process of mapping between the equi-
librium ρ(B⊥) and ρ(B||) described above for four more
samples of different thicknesses: 100nm, 57nm, 26nm and
22nm (See supplemental material [21] Sec. S1 for ρ(B⊥)
and ρ(B||) of all samples). The results of these mappings
are plotted in Figs. 4a-d (see Table. 1 in the supplemental
material [21] for a summary of the mapping parameters).
The mapping parameters B0 and a of the 100nm and
57nm thick films (Fig. 4a-b) are similar to those of the
thicker 280nm thick film (Fig. 3b). For 26nm and 22nm
thick films the mappings performed at different T ’s did
not fully converge as a whole into a single curve. We
chose to perform the linear fit such that it best describes
the low-T range of the mapping. The resulting B0 and
a do differ from that of the thicker samples. In the dis-
cussion section we consider reasons for the differences in
mappings between thinner and thicker films. In Sec. S2
of the supplemental material [21] we show that, similarly
to Fig. 3d, the equilibrium mappings displayed in Fig. 4
also maps the critical currents of both B-orientations.
4FIG. 4: B⊥ and B|| mapping for a:InO films of various thicknesses (a)-(d) Continuous mapping between ρ
at B|| and B⊥ as in Fig. 2a for films of thicknesses 100nm (a), 57nm (b), 26nm (c) and 22nm (d) where each point
on the B|| − B⊥ plane marks ρ(B||, T ) = ρ(B⊥, T ), the color-coding marks different T ’s and the dashed black line is
a linear fit to the data.
A. Discussion
Role of vortices in our type-II superconductor
The main conclusion from the results presented above
is that there is no fundamental difference between trans-
port at B⊥ and B||, especially near Bc2 where samples
become isotropic [16–18] (see supplemental material [21]
Fig. S2 for a study of vanishing anisotropy near Bc2 in
our superconducting samples). As vortices and pinning
forces are expected to be drastically different between
these B-orientations, our results question the role of vor-
tices in transport of highly disordered superconductors
near Bc2. Adding to that the aforementioned result re-
ported in Ref. [13], that J ||c is independent of the angle
ϕ between J and B||, suggests that the finite R and Jc
measured in our type-II superconductor at a finite T is
caused by a non-vortex mechanism and raises the inter-
esting question of what actually causes R in highly dis-
ordered superconductors near Bc2.
Mapping between B⊥ and B|| near the SIT
Up to now we discussed the similarity in transport be-
tween B⊥ and B|| only in relatively low disordered a:InO
films that do not have a prominent insulating phase.
a:InO films of higher disorder strength undergo a SIT
[22–24] that can be driven by various parameters [22, 25–
30]. It turns out that the above analysis is also relevant
to higher disordered samples near the B driven SIT [25–
27].
Below we consider sample RAM005b, a 30nm thick film
that undergoes both B⊥ and B|| driven SIT’s (see Sec. S3
of the supplemental material [21] for R(B⊥) and R(B||)).
In Fig. 5a we plot R(T ) at B⊥ =5.2T (blue crosses) and
at B|| =8T (red line). In Fig. 5b we plot |I| vs. V
at the same matching-B’s at T =11mK. We repeated
the same mapping protocol described above and found a
linear relation between equilibrium R(B⊥) and R(B||) as
in Eq. 1 with a ≈ 1 and B0 ≈ 2.7T (see supplemental
material [21] for full details of the mapping).
Next we apply the mapping to non-equilibrium trans-
port. The non-equilibrium properties we map in the in-
sulating phase are the threshold V ’s, apparent in Fig. 5b
and marked as Vtrap and Vesc, where the I − V ’s exhibit
a large discontinuity in I [31] due to electron overheating
[32, 33]. In Fig. 5c we plot V ⊥trap (Vtrap measured in B⊥)
vs. B⊥, and V ||trap (Vtrap measured in B||) vs. B||. It is
apparent that at low B’s Vtrap is anisotropic. In Fig. 5d
we plot the same Vtrap but now we plot V ||trap vs. B˜⊥
instead of vs. B||. Similar to the superconducting phase,
the insulating phase also exhibits the apparent collapse of
the threshold V ’s (in the range B|| < 8T and B⊥ < 5T).
The main difference between the mappings in both
phases is in its regime of applicability. While in the su-
perconducting phase the mapping applies for the whole
B range, including near Bc2 where R becomes isotropic,
in the insulating phase the mapping breaks at high B’s
(B|| > 8T and B⊥ > 5T). We note that in the B ranges
where the mapping applies, the insulating phase of a:InO
has an underlying superconducting nature where trans-
port is carried mainly by Cooper-pairs that become spa-
tially localized [15, 19, 34–41]. At higher B’s, beyond
a well studied peak in the magnetoresistance [15], it is
believed that superconductivity terminates locally and
transport is carried mainly by quasi-particles [15, 40, 41].
In that range in the insulator the mapping is no longer
applicable.
5FIG. 5: Mapping in the insulating phase of a:InO. R(T ) (a) and 11mK I − V ’s (b) of sample RAM005b
measured at B⊥ =5.2T (blue) and B|| =8T (red) in the B driven insulating phase. (c) Blue crosses and red circles
mark V ⊥trap(B⊥) and V
||
trap(B||) at T = 11mK. (d) V
||
trap plotted vs. B˜⊥ = (B|| −B0)/a instead of B|| where
B0 = 2.72T and a = 1.02 (the mapping between both B orientations was extracted from equilibrium R(B)’s, see
supplemental material [21]).
Linear mapping between transport at B⊥ and B||
The basis for the linear relation between B⊥ and B||,
described by Eq. 1, is not clear yet. We summarize be-
low all of our major observations that a future theoretical
description should account for: 1. There is a linear map-
ping relating transport properties in B⊥ and B|| that
equally applies to equilibrium and non-equilibrium sit-
uations. 2. The fit parameters B0 and a do not vary
much between samples of thicknesses greater than 57nm,
but these parameters are significantly different for the
22nm and 26nm thick films. This suggests that there is
an important lengthscale which is greater than 26nm and
smaller than 57nm. This lengthscale is unknown to us as
for a:InO samples ξ ∼ 5nm [19], λ ∼ 7µm (see Sec. S2
of the supplemental material of Ref. [13] which uses ex-
perimental results of Refs. [39, 42]), the mean-free path
is smaller than 1nm, the magnetic length corresponding
to B0 in samples thicker than 57nm is .19nm and in
the 22nm and 26nm thick samples it is .12nm. 3. In
the thinner 22nm and 26nm thick samples the mapping
has some T -dependence. 4. The mapping also applies to
the B-driven insulating phase of a:InO for B’s below the
magneto-resistance peak.
One possible explanation for the isotropic behavior is
that our samples are practically three dimensional. Fol-
lowing this logic one can account for the finite B0 values
as some geometric rescaling due to the large discrepancy
between t and the other sample dimensions that accounts
for the finite nature of t. If that was indeed the case we
would expect that as we approach the 3d limit, namely as
t increases, the mapping parameters would tend towards
a → 1 and B0 → 0. Comparing these parameters of the
57nm, 100nm and 280nm thick films shows that B0 Ó→ 0.
Another possible interpretation is that B0 is related
to a finite Hc1 of the sample where, at low B||’s, there
is a full Meissner effect. It was pointed to us [43] that
following this interpretation and using a slightly extended
percolation approach than that of Ref. [18] can lead to
the linear relation of Eq. 1. It is unclear to us whether
this approach can also explain the linear mapping in the
insulating phase.
In summary, the isotropic behavior detailed in this
work suggests that the role of vortices in the mixed state
of our highly disordered type-II superconductor is lim-
ited. We show that the rather weak measured anisotropy
can be adjusted using a linear mapping between B⊥ and
B||.
We are grateful to Y. Meir and K. Michaeli for fruitful
discussions.
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Supplemental Material for Limited role of vortices in transport in highly disordered
superconductors near Bc2
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S1. ρ VS. B⊥ AND VS. B||
In the main-text we study five a:InO films of various
thicknesses at B⊥ and at B||. In Figs. S1a-e we plot ρ vs.
B⊥ of these films at various T ’s. In Figs. S1f-j we plot ρ
vs. B|| of these films at various T ’s.
In the main-text we discuss the observation that the
films become more isotropic with increasing |B|. In
Figs. S2a-e we plot ρ vs. B⊥ (crosses) and vs. B|| (circles)
measured at three different T ’s (0.1K, 0.4K and 1K) of all
films. It can be seen that as |B| increases the difference
between both B orientation decreases making the sam-
ples more isotropic. In the two thinner films (22nm and
26nm), the lowest isotherm of 0.1K displays a reversed
anisotropy at high B’s where ρ(B||) > ρ(B⊥). A similar
effect was previously reported in a:InO films [16] and its
origin is not yet understood (we note that Ref. [18] does
account for this effect).
In the inset of these figures we plot the relative
anisotropy defined as ρ(B⊥)−ρ(B||)ρ(B||) for T =0.1K, 0.4K and
1K. It can be seen that the relative anisotropy decays
exponentially while approaching Bc2 (and, as discussed
above, can turn negative).
S2. MAPPING OF Ic BETWEEN B⊥ AND B|| IN
THE SUPERCONDUCTING PHASE
In Fig. 3 of the main-text we show that for the 280nm
thick sample the linear mapping described by Eq. 1 where
the parameters B0 and a are extracted from the equilib-
rium zero bias ρ also maps J⊥c onto J
||
c . In Fig. 4 of
the main-text we show that similar linear mappings can
also be extracted from zero bias ρ of the 100nm, 57nm,
26nm and 22nm thick samples. In Fig. S3 we show that
similarly to the 280nm thick sample also for the thinner,
100nm and 26nm, films the mappings presented in Fig. 4
of the main-text also maps I⊥c onto I
||
c . Unfortunately
we did not measure I ||c ’s of the 57nm thick film due to
a technical error and the I − V ’s of the 22nm thick film
were very non-linear but did not show discontinuities.
The mapping parameters of Eq. 1 for different samples
are written in Table. I. The column of SC / INS refers to
the phase where we conducted the mapping.
Sample name thickness [nm] SC / INS B0 [T] a
AD12a 22 SC 4.65 0.71
AD12a 26 SC 5.2 0.64
AD12a 57 SC 2.4 0.857
AD12a 100 SC 2 0.905
AD12a 280 SC 2 0.91
RAM005b 30 INS 2.72 1.02
TABLE I: Mapping parameters of Eq. 1 for
different samples.
S3. MAPPING BETWEEN B⊥ AND B|| IN THE
INSULATING PHASE OF A B-DRIVEN SIT
In the main-text we discussed the mapping between
equilibrium transport at B⊥ and B|| in the B-driven
insulating phase of a highly disordered a:InO film
(RAM005b). In Fig. S4a we plot R(B⊥) (continuous
lines) and R(B||) (dashed lines) at different T ’s. In
Fig. S4b we plot the mapping between R at B|| and
B⊥ where each point on the B|| − B⊥ plane satisfies
R(B||, T ) = R(B⊥, T ) The dashed black line is a linear
fit.
In Fig. S5 we plot several I − V ’s of matching-B’s in
different regions in the insulating phase.
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FIG. S1: ρ vs. B⊥ and vs. B||. ρ vs. B⊥ of the 22nm (a) 26nm (b) 57nm (c) 100nm (d) and 280nm (e) thick
films.
ρ vs. B|| of the 22nm (f) 26nm (g) 57nm (h) 100nm (i) and 280nm (j) thick films.
FIG. S2: ρ vs. B⊥ and vs. B||. ρ vs. B⊥ (crosses) and vs. B|| (circles) for 0.1K, 0.4K and 1K of the 22nm (a)
26nm (b) 57nm (c) 100nm (d) and 280nm (e) thick films. Insets: relative anisotropy ρ(B⊥)−ρ(B||)ρ(B||)
iii
FIG. S3: Mapping of non-equilibrium Ic’s. Rescaling of Ic for the 26nm (purple) and 100nm (green) thick films.
I⊥c vs. B⊥ (black crosses connected by continuous lines) and I
||
c vs. B|| (circles connected by continuous lines). Gray
crosses connected by dashed gray lines are I⊥c displayed vs. a rescaled abscissa B˜|| according to the linear mappings.
FIG. S4: Mapping of equilibrium R(B)’s between B⊥ and B|| in the insulating phase of a B-driven
SIT. (a) R(B⊥) (continuous lines) and R(B||) (dashed lines) at different T ’s. (b) Continuous mapping between R at
B|| and B⊥. Each point on the B|| −B⊥ plane satisfies R(B||, T ) = R(B⊥, T ). The color-coding marks different T ’s
and the dashed black line is a linear fit.
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FIG. S5: Mapping of Non-equilibrium I − V ’s. (a)-(d) I − V ’s measured at B⊥ (purple) and B|| (red) at
various B’s in the insulating phase.
